Strains of Salmonella enterica lacking YggX and the cellular reductant glutathione exhibit defects similar to those resulting from iron deficiency and oxidative stress. Mutant strains are sensitive to hydrogen peroxide and superoxide, deregulate the expression of the Fur-regulated gene entB, and fail to grow on succinate medium. Suppression of some yggX gshA mutant phenotypes by the cell-permeable iron chelator deferoxamine allowed the conclusion that increased levels of cellular Fenton chemistry played a role in the growth defects. The data presented are consistent with a scenario in which glutathione acts as a physiological chelator of the labile iron pool and in which YggX acts upstream of the labile iron pool by preventing superoxide toxicity.
Iron is an essential mineral that is needed for the function of proteins involved in diverse cellular processes. Most cellular iron is tightly bound by metalloenzymes and iron storage proteins (9) . However, there is a small pool of iron loosely chelated by cellular metabolites, such as ATP, citric acid, and free thiols, that has been termed the labile iron pool (32) . Quantification of this iron pool has been difficult, and the predominant methods to do so rely on an iron chelator and the subsequent detection of the chelator-iron complex (32) . Estimates of the labile iron pool are in the low micromolar range, with one estimate placing it at 10 M in Escherichia coli (24) .
Homeostasis of the labile iron pool is closely linked to oxidative stress. Both hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 Ϫ ⅐ ) stress oxidize Fe-S cluster proteins of the dehydratase family, releasing iron into the cytoplasm and increasing the labile iron pool (13, 22) . This increase in labile iron further increases oxidative stress since iron participates in Fenton chemistry (Fe 2ϩ ϩ H 2 O 2 3Fe 3ϩ ϩ OH Ϫ ϩ ⅐ OH), generating reactive hydroxyl radicals ( ⅐ OH). Chelation of labile iron with the cell-permeable chelator deferoxamine protects cells from Fenton chemistry (21) .
The need for iron can be increased by oxidative stress. Iron is required to repair oxidized Fe-S clusters in proteins, and the supplementation of iron into the growth medium improves the growth of strains lacking cytoplasmic superoxide dismutase (3) . Since oxidative stress can increase both the toxicity of and the need for iron, the cell regulates mechanisms to deal with iron during times of oxidative stress.
One mechanism to minimize the toxic effects of labile iron is to regulate iron uptake. In Salmonella enterica and other microorganisms, the ferric uptake regulator (Fur) is a transcriptional repressor of genes involved in iron uptake and metabolism. Fur is active (i.e., represses) when bound to Fe 2ϩ (reviewed in references 8 and 19) . Recently, H 2 O 2 and superoxide stress have been shown to induce the Fur regulon (5, 41) .
It has been proposed that the Fur-Fe complex can serve as a substrate for the Fenton reaction, resulting in inactivation of Fur upon oxidation of the iron atom (41) .
Glutathione is the main cellular reductant in microorganisms and is present in cells at millimolar levels (23) . Glutathione is able to chelate metals via a free thiol (25, 31) and has been shown to reduce Fe 3ϩ , although at a lower rate than other cellular thiols, such as cysteine (30) . Elevated cysteine levels result in rapid reduction of Fe 3ϩ , thereby increasing the rate of Fenton chemistry in the cell (30) . The lower rate of metal reduction suggests that in addition to its role as a cellular reductant, glutathione would be an ideal thiol buffer for iron in the cell. The involvement of glutathione in processes involving iron is supported by studies showing that the repair rate of the Fe-S cluster enzyme aconitase after H 2 O 2 damage is lower in cells lacking glutathione (14) and by studies with eukaryotic systems that suggest that glutathione is involved in Fe-S cluster synthesis (35) .
YggX is a 10-kDa protein found in S. enterica whose loss results in phenotypes indicative of increased oxidative stress, defects in Fe-S cluster metabolism, and defects in iron metabolism (16, 18, 37, 42) . Cells lacking YggX have increased sensitivity to superoxide and an increased mutagenesis rate specific to the types of lesions caused by hydroxyl radicals (16, 18) . Mutations in yggX exacerbated the defects caused by lesions in other genes involved with Fe-S cluster metabolism (16, 18, 37, 42) . Additional studies indicated that the Fur regulon is induced in strains lacking YggX (18) and that YggX is able to bind Fe 2ϩ with a K D (equilibrium dissociation constant) of 20 M (11). Mutants lacking yggX suffer chronic oxidative stress, and YggX has been proposed to protect Fe-S cluster proteins from oxidative damage, though no enzymatic mechanism to support this has been identified.
This study was initiated to dissect the phenotypic similarities and differences between strains lacking YggX and/or glutathione and to gain insight into the role each played in cellular metabolism. While the hypothesis that YggX and glutathione contribute by distinct yet integrated mechanisms to maintain labile iron homeostasis in S. enterica is not the only possibility, the studies reported are consistent with it.
MATERIALS AND METHODS
Bacterial strains, media, and chemicals. All strains used in this study are derived from S. enterica LT2 and are listed with their respective genotypes in 4 was used as minimal medium. Glucose (11 mM), gluconate (11 mM), or succinate (16.5 mM) was provided as the sole carbon source. Thiamine was used at a concentration of 100 nM. In an effort to control metal concentrations, all minimal medium was made using Milli-Q filtered water and culture tubes were used a single time. Luria broth (LB) and Difco nutrient broth (NB) (8 g/liter) with NaCl (5 g/liter) were used as rich media, with Difco BiTek agar added to a final concentration of 1.5% for solid media. When indicated, the medium was treated with Chelex resin as described previously (39) . The FeCl 3 was added to growth medium after sterilization from a 0.1 M stock in 0.1 N HCl. The final concentrations of antibiotics were as follows: tetracycline, 20 g/ml; kanamycin, 50 g/ml; gentamicin, 6 g/liter; and chloramphenicol, 20 g/ml. All other chemicals were purchased from Sigma Chemical Co., St. Louis, MO.
Growth analysis. Growth in liquid medium was quantified by monitoring three independent cultures for each strain in each condition. Strains were grown overnight at 37°C in NB medium, harvested, and resuspended in an equal volume of saline, and 100 l was inoculated into 5 ml of the appropriate medium in 18-by 150-mm culture tubes. Cultures were placed in an air shaker at 37°C, and growth was monitored by measuring the optical density at 650 nm (OD 650 ) with a Bausch & Lomb Spectronic 20. The starting OD 650 was routinely between 0.02 and 0.07 for growth curves.
Strain construction. Standard genetic techniques were used to construct and verify multiple mutant strains.
Sensitivity to H 2 O 2 . Strains were grown in triplicate overnight at 37°C in NB medium, harvested, and resuspended in an equal volume of saline, and 100 l was inoculated into 5 ml of minimal glucose medium supplemented with 100 nM thiamine and 0.2% Casamino Acids in 18-by 150-mm culture tubes. Cells were grown to an OD 650 of 0.3 and were then placed on ice until all cultures were ready, after which cultures were placed at room temperature without shaking. Before (time zero) and also 1.5 and 3 h after the addition of 8 mM H 2 O 2 , 100 l of cells from each culture were diluted 1:10 into NCE medium containing 1,300 U/ml catalase. Cells were diluted prior to plating on LB medium and incubated overnight at 37°C. The CFU/ml were recorded for each strain at each time point of H 2 O 2 exposure.
Enzyme assays. All enzyme assays were performed using three independent cultures for each strain. Protein concentrations were determined using the Bradford assay (7), and cell extracts routinely contained ϳ500 g/ml protein.
(i) ␤-Galactosidase assays. Overnight NB cultures grown at 37°C were subcultured 50 l into 5 ml of Chelex resin-treated LB with added MgSO 4 (1 mM), trace minerals (1ϫ) lacking iron (2), and FeCl 3 (10 M). Cultures were placed in an air shaker at 37°C and grown to an OD 650 of 0.4 before being harvested and resuspended in 14.6 mM NaCl. Cells were assayed for ␤-galactosidase activity according to the method described by Miller (29) .
(ii) Aconitase assays. Overnight NB cultures grown at 37°C were inoculated 150 l into 5 ml minimal NCE gluconate medium supplemented with 0.2% Casamino Acids, 100 nM thiamine, and 50 M FeCl 3 . Cell extracts were generated, and assays were performed as previously described (36) . Values are reported as specific activity (⌬A 240 /min/mg protein) and also relative activity compared to a parent strain grown under defined conditions.
(iii) SDH assays. Succinate dehydrogenase (SDH) activity was assayed with the extracts generated for the aconitase assays described above. Assays were performed as described previously (36) . Values are reported as specific activity (⌬A 600 /min/mg protein) and also relative activity compared to a parent strain grown under defined conditions.
RESULTS
Strains lacking YggX and glutathione have increased available iron. The inhibitory effects of the antibiotic streptonigrin are correlated with iron availability. In the presence of iron, streptonigrin binds DNA and causes damage to the chromosome, resulting in death (6) . Growth of S. enterica is slowed in the presence of streptonigrin (data not shown), and a yggX gshA double mutant strain showed enhanced sensitivity to this antibiotic. After 24 h, the wild-type strain grown in NB with or without 0.5 g/ml streptonigrin reached an OD 650 of 0.91 Ϯ 0.01 or 1.14 Ϯ 0.01, respectively. In the same conditions, the double mutant (yggX gshA) reached an OD 650 of 0.47 Ϯ 0.13 or 1.16 Ϯ 0.04, respectively. Growth of the yggX and gshA single mutant strains in the presence of streptonigrin was indistinguishable from that of the wild type.
The toxicity of H 2 O 2 is mediated in part through iron participating in the Fenton reaction (22) . When challenged with 8 mM H 2 O 2 for 2 h, the yggX gshA double mutant strain showed ϳ0.05% survival compared to 100% for the wild type (Fig.  1A) . When deferoxamine (2 mM), a cell-permeable iron chelator, was present during the H 2 O 2 challenge, the yggX gshA strain showed ϳ80% survival (Fig. 1A) . These data supported the conclusion that a larger pool of iron was available for Fenton chemistry in the yggX gshA mutant strain than in the wild type.
Lack of glutathione and a yggX mutation contribute to an elevated available iron pool by different mechanisms. Two reactive oxygen species (superoxide and H 2 O 2 ) that impact the labile iron pool were considered in this study. While the yggX gshA double mutant was more sensitive to both reactive species, the single mutants had distinct sensitivity profiles (Fig. 1) . The gshA mutant strain was not sensitive to Paraquat, while the yggX mutant was almost as sensitive to this superoxide-generating compound as the double mutant (Fig. 1B) (16) . In contrast, the gshA mutant was sensitive to H 2 O 2 , while the yggX mutant was unaffected (Fig. 1A) .
As previously reported, yggX mutant strains have increased expression of the SoxR reporter fpr, which is exacerbated by a gshA mutation (37) . Significantly, the constitutive expression of the fpr reporter in the yggX and yggX gshA mutants (136 Ϯ 30 and 300 Ϯ 45 Miller units, respectively, compared to the wild type at 51 Ϯ 2) was not affected by the addition of deferoxamine (100 Ϯ 5, 249 Ϯ 30, and 50 Ϯ 3, respectively). These data indicated that the induction of the SoxR regulon in a yggX mutant strain was not due to the hydroxyl radical resulting from iron-mediated Fenton chemistry and showed that not all phenotypes of a yggX mutant are the consequence of increased labile iron. The status of labile iron can be monitored via expression of the Fur-regulated gene entB. The ferric uptake regulator, Fur, monitors the status of the labile iron pool and acts as a transcriptional repressor when bound to Fe 2ϩ (reviewed in reference 19) . One member of the Fur regulon is entB, encoding a protein involved in the synthesis of the siderophore enterobactin. Therefore, measuring the expression of entB provides an indirect measure of the labile iron pool status via Fur activity. Increased entB expression reflects decreased Fur activity (i.e., repression) (40; reviewed in reference 34).
The expression of entB in cells grown under several conditions was measured, and the results are shown in Table 2 . The first column of data gives the basal level of expression for strains grown in medium with low iron. Each of the mutant strains showed significant derepression of the entB gene, indicating that less iron-bound Fur was present than in the wildtype strain under the same conditions. The pattern of expression caused by the addition of 40 M Paraquat most closely paralleled that found in the yggX mutant, consistent with previous reports indicating that the yggX mutant experiences chronic oxidative stress (37) . The addition of FeCl 3 to the medium repressed expression in all strains and conditions, indicating that the Fur protein was not damaged; rather, the increased expression reflected a decreased amount of Fe 2ϩ bound to the existing Fur. The effect of a number of additions to the medium on entB expression was measured. The resulting data in Table 2 , taken together, made several points that can be summarized as follows.
First, no additions to the media (except iron) eliminated the derepression caused by EDTA. Thus, the iron starvation caused by the presence of EDTA in the medium was intrinsically different than the situation generated in the mutant backgrounds or by Paraquat-induced oxidative stress. One interpretation of this result is that in the former case, there was little iron present to bind Fur, and in the latter, iron was present but was not available to Fur.
Second, limiting available oxygen decreased the expression of entB in all situations (except that with EDTA). These data suggested that a primary contributor to the inactivation of Fur was oxidative damage.
Third, in all situations, entB expression was decreased by the addition of glutathione. This result indicated that in the presence of glutathione, more iron-bound Fur was present. Sulfide and cysteine were able to lower entB expression only in strains that had an intact gshA locus, indicating that their effect was due to conversion into glutathione. These data were consistent FIG. 1. Strains lacking YggX and GshA display distinct sensitivity to H 2 O 2 and superoxide. Strains DM10000 (wild type; diamonds), DM9673 (yggX; circles), DM9680 (gshA; triangles), and DM9720 (yggX gshA; squares) were tested for sensitivity toward H 2 O 2 and superoxide. In each case, the data points represent the average results from triplicate cultures. (A) Cells were grown at 37°C with shaking to an OD 650 of 0.3 in minimal glucose medium containing 100 nM thiamine and 0.2% Casamino Acids with (gray) or without (black) 2 mM deferoxamine. At the indicated times after exposure to 8 mM H 2 O 2 , cells were diluted 1:10 into minimal NCE medium containing 1,300 U/ml catalase and then dilution plated onto LB medium. (B) Cells were grown at 37°C with shaking in minimal glucose medium containing 100 nM thiamine and indicated concentrations of Paraquat (PQ). The OD 650 after 24 h of growth was recorded and standardized to the growth achieved with no Paraquat to give a percent final growth yield. with a specific role for glutathione in facilitating the binding of iron by Fur or in maintaining an environment in which iron remains bound to Fur.
Chelation of endogenous iron impacts Fur activity.
The expression of entB in a wild-type strain and a yggX gshA strain was measured in the presence of increasing amounts of the cellpermeable iron chelator deferoxamine. In the wild-type strain, entB expression increased with deferoxamine concentration as expected (Fig. 2) . In contrast, entB expression in the yggX gshA strain was decreased by deferoxamine, indicating the presence of more iron-bound Fur. These data are consistent with a scenario in which the increased entB expression in the yggX gshA strain (Table 2) was due partially to increased Fenton chemistry. In this scenario, deferoxamine chelated iron and removed it from the pool that participated in Fenton chemistry. After the addition of 1 mM deferoxamine, entB transcription leveled off significantly above the value obtained when Fur was completely occupied. These results suggested that equilibrium was achieved between damage generated by iron-mediated Fenton chemistry and iron available to Fur. In the absence of glutathione, the level of entB transcription in the presence of 2 mM deferoxamine is significantly lower than in the strains able to synthesize glutathione (Fig. 2 and data not  shown) . One explanation could be that the combined chelation power of the millimolar levels of glutathione and deferoxamine limit the availability of iron to Fur more than that limited by the presence of deferoxamine alone.
The labile iron pool impacts the activity of Fe-S cluster enzymes. A fur mutant is unable to grow on succinate as a sole carbon source due to a lack of positive regulation of the genes encoding the Fe-S cluster containing the enzymes SDH, fumarase A, and aconitase B (AcnB) of the tricarboxylic acid (TCA) cycle by Fur, which is mediated by the small RNA RyhB (26, 27) . A yggX gshA strain was similarly defective in growth on succinate medium (Fig. 3) . This growth defect could be caused by RyhB via Fur and/or decreased cluster occupancy of the relevant enzymes in the TCA cycle. A mutation in ryhB restored growth of both a fur mutant and a gshA strain (Fig. 3) , indicating that in these strains, the growth defect was due primarily to regulatory effects through Fur. However, mutating ryhB failed to restore growth of the yggX gshA strain in the same medium, suggesting that the defect in the double mutant went beyond the regulatory effect mediated via Fur.
The activities of two relevant enzymes, SDH and AcnB, were monitored to address the hypothesis that the growth defect in the yggX gshA mutant strain on succinate was due to the status of Fe-S cluster metabolism in the strain. SDH and AcnB activities were assayed by using a ryhB acnA background to negate regulatory effects and contributions from the oxygen-stable aconitase A protein. Western blot analysis indicated that similar levels of AcnB protein were present in all strains tested for activity. Both enzyme activities were significantly decreased in the yggX gshA double mutant strain (Table 3) . These data support the hypothesis that low activity of multiple TCA cycle enzymes prevented growth of the double mutant (yggX gshA) on succinate medium.
DISCUSSION
The integration of iron homeostasis and reactive oxygen species complicates efforts to dissect the role of cellular components that balance the beneficial and harmful aspects of the iron pool. The data presented herein confirmed that the small protein YggX and the cellular reductant glutathione are players in iron homeostasis. Specifically, the data showed that a yggX gshA mutant strain had increased levels of Fenton chem- a The specific activity (⌬A/min/mg protein ͓average Ϯ standard deviation͔) for three independent cultures is given. The relative activity, obtained by dividing the activity of the relevant strain by the activity of the ryhB acnA parent, is shown in parentheses. on September 7, 2017 by guest http://jb.asm.org/ istry, the Fur iron complex is a target of hydroxyl radical stress, and the action of YggX in preventing Fenton chemistry is most significant for superoxide stress and upstream of labile iron effects. A working model incorporates these data with previously observed interactions between various forms of endogenously generated oxidative stress and the labile iron pool. Superoxide damages labile Fe-S clusters, resulting in the release of iron (13) . This iron can react with H 2 O 2 in the Fenton reaction, creating the reactive hydroxyl radical (24) . Our current model suggests that YggX functions to prevent the action of superoxide on oxygen-labile Fe-S clusters, possibly by preventing the endogenous formation of superoxide. In this scenario, glutathione acts as a physiological chelator of the labile iron pool that prevents the Fenton reaction. The increased Fenton chemistry in strains lacking YggX and glutathione has multiple consequences. The yggX gshA mutant strain exhibits behavior consistent with increased internal levels of Fenton chemistry affecting multiple processes (1, 18, 28, 42) . Here, we describe two additional phenotypes of the yggX gshA mutant strain (increased sensitivity to H 2 O 2 and increased expression of the Fur regulon, specifically entB) that are corrected by deferoxamine and thus likely caused by Fenton chemistry (24) . Consistent with a role for Fenton chemistry in generating the yggX gshA mutant phenotypes, phenotypes described here and previously are corrected by growth under anoxic or oxygen-limiting conditions (17, 37) . Deregulation of the Fur regulon was recognized for E. coli cells exposed to superoxide and H 2 O 2 stress (5, 41), both of which can increase cellular Fenton chemistry (24, 30) . Correction of the Fur regulatory defect in the yggX gshA strain by deferoxamine is consistent with Fur being a target sensitive to the hydroxyl radical. In our model, the lack of glutathione results in increased iron available to Fenton chemistry, resulting in increased hydroxyl radical stress, which can damage Fur. The damage to Fur by the hydroxyl radical could occur at sites other than the iron binding site, in which case deferoxamine could prevent Fur damage by chelating labile iron without necessarily chelating iron away from the Fur protein.
Based on previous literature and results presented herein, we propose that glutathione is a physiologically relevant chelating agent for the labile iron pool. Glutathione is able to chelate iron as well as other metals (20, 25, 31, 38) and is found at millimolar levels in the cytoplasm (20, 23) . In the absence of glutathione and YggX, labile iron is more available to bind to another chelator, streptonigrin. The conclusion that more iron is available to participate in Fenton chemistry in strains lacking glutathione can be drawn from the finding that the intracellular iron chelator deferoxamine reversed the defects of a gshA mutant, such as H 2 O 2 sensitivity and increased entB transcription.
While it is not the only possibility, our preferred model suggests that glutathione plays an essential role that allows the cell to maintain a labile iron pool while minimizing Fenton chemistry. This is accomplished by preventing redox cycling of iron while ensuring that iron is available to cellular processes. Compounds such as cysteine and flavins contribute to iron redox cycling by reducing Fe 3ϩ , resulting in increased Fenton chemistry (30, 44) . When tested both in vivo and in vitro, glutathione reduced Fe 3ϩ at a significantly lower rate and did not increase levels of Fenton chemistry (30, 44) . Deferoxamine traps iron in the 3ϩ oxidation state with a binding constant of 10 31 . Although this effectively prevents Fenton chemistry, cells exposed to deferoxamine are starved for iron. The cellular abundance and moderate chelation ability of glutathione suggest it could be a component in maintaining homeostasis of the labile iron pool.
A growing body of data links YggX to a specific role in preventing superoxide toxicity. YggX is a member of the Sox regulon (33) , and its absence has been shown to induce the expression of fpr, another member of the Sox regulon (37) . A yggX mutant strain is more sensitive to the superoxide-generating compound Paraquat (16) , yet the same mutant strain was shown here not to be sensitive to a different reactive oxygen species, H 2 O 2 . Although past observations have been interpreted to mean YggX was involved in iron trafficking, data presented here are most consistent with YggX acting upstream of the labile iron pool. The effects of YggX on labile iron homeostasis illustrated here and elsewhere can be explained with superoxide as an intermediate. Specifically, deferoxamine did not decrease the expression of fpr in a yggX mutant strain, indicating that this phenotype was not mediated through the labile iron pool.
The complex interplay between labile iron homeostasis and oxidative stress involves several constituents. The mutants with a loss of yggX and glutathione display additive defects impacting both systems, and the work here was used to begin unraveling the specific roles of these cellular components. These additional insights will facilitate continued efforts to understand the integrated system that functions in vivo.
